Abstract--The effects of reaction time (2 to 72 h) and NH4+/A13 § molar ratio (1.6, 2.4 and 3.2) on the hydrothermal synthesis of ammonium-saponites are investigated. The gels are obtained by mixing powders, resulting in a stoichiometric composition, Mg3Si3.4A1060~0(OH)2, with aqueous ammonium solutions, with and without E to result in initial NH4+/A13+ molar ratios of 1.6, 2.4 and 3.2. The solid bulk products are characterized by X-ray diffraction (XRD), X-ray fluorescence (XRF) and scanning electron microscopy (SEM) combined with energy-dispersive X-ray (EDX) analysis. The cation exchange capacity (CEC) is determined with an ammonia selective electrode and the pH of the water from the first washing is measured. Ammonium-saponite is formed rapidly within 16 h. A higher NHa+/A13 § molar ratio and the presence of F facilitate the crystallization of saponite. Small metastable amounts of bayerite, AI(OH)3, are present at low NH4+/A13 § molar ratios; after short reaction times, they disappear. During the first 4 h, the pH decreases rapidly, then drops slowly to a constant level of approximately 4.6 after 60 h. With increasing reaction time, saponite crystallites grow in the ab directions of the individual sheets with almost no stacking to thicker flakes. The NH4 § CEC of the solid products increases strongly within the first 24 h. A maximum of 53.3 meq/100 g is observed. The saponite yield increases from approximately 25% after 2 h to almost 100% after 72 h.
INTRODUCTION
In recent years, interest has increased in the synthesis of smectites such as beidellite (Plee et al. 1987; Schutz et al. 1987; Kloprogge, van der Eerden et al. 1990; , (ftuor) hectorite (Shabtai et al. 1984; Sterte and Shabtai 1987) and saponite (Suquet et al. 1977; Kloprogge 1992; Kloprogge, Breukelaar, Wilson et al. 1993) . The smectites can be applied as catalysts and molecular sieves because of their high purity and adjustable composition.
At temperatures ranging from 125 to 280 ~ Kloprogge (1992); ; and Kloprogge, Breukelaar, Wilson et al. (1993) have synthesized ammonium-saponite within 72 h. They proposed a crystallization model, in which the crystallization starts with the growth of individual sheets. During the synthesis, individual sheets apparently stack to form thick flakes, while lateral growth continues more slowly.
A major problem with the synthesis is the incorporation of A1 into the saponite structure. Theory pre--~ This paper is a joint contribution from the Debye Institute, Utrecht, and Shell Research B.V., Amsterdam, The Netherlands.
~: Current address: Hoevenbos 299, 2716 Zoetermeer, The Netherlands. dicts all AI 3+ to be present at the tetrahedral sites, replacing Si 4+. Actually, however, ml 3 § is additionally built in at octahedral sites, instead of Mg 2+, and even at interlayer sites, instead of NH4 § The resulting incorporation of excess A1 drastically alters the physicochemical properties of the saponite, such as layer charge, swelling, cation exchange and acidity. Incorporation of A13 § at other than the tetrahedral sites can be avoided by raising the ammonium concentration.
The aims of this study are: 1) to characterize the ammonium-saponite crystallites grown for increasing periods of time at constant temperature and pressure, in order to elucidate the conditions for A1 incorporation in octahedral and interlayer sites; 2) to monitor the development of the size and stacking of the individual sheets as a function of synthesis time to corroborate the sheet stacking model of Kloprogge (1992) and ; and 3) to force A13+ exclusively into the tetrahedral sites and ammonium into the interlayer sites by varying the NHa+/A13 § molar ratio and the starting chemicals, and by addition of E EXPERIMENTAL METHODS
Saponite Synthesis
Gels were prepared from homogeneous mixtures of stoichiometric amounts of the powdered compounds Copyright 9 1997, The Clay Minerals Society Approximately 125 g of the gel were hydrothermally treated in 250-mL Teflon beakers in autoclaves at 200 ~ and autogenous water pressure (approximately 10-15 bar). After cooling, the solids were washed twice with demineralized water, followed by centrifugation. The pH of the coexisting hydrothermal Could not be determined, since the solid product had completely absorbed the fluid. Kloprogge (1992) and have shown that the pH of the hydrothermal fluid is only slightly lower than that of the water obtained from the first washing procedure. Therefore, the pH of the water of the first washing procedure was determined. The washed solid was suspended into 1 M ammonium chloride to ensure that all exchangeable sites were occupied by ammonium. Finally, the bulk solids were washed twice with demineralized water to remove excess ammonium chloride, sedimented by centrifugation and dried overnight at 120 ~ Analytical Techniques X-ray powder diffraction patterns were recorded with a Philips diffractometer, equipped with PW 1700 hardware and APD 1700 software, using CuKa radiation.
The CEC of the saponite was determined after exchange with 0.2 M NaC1 by measuring the NH4 + content in the resulting solution with an ammonia-selective electrode. Saponites of LTSAP8A-7, LTSAP9A-7 and LTSAP10A-7 were exchanged with AI(NO3) 3 instead of NaC1 prior to XRF measurements.
Elemental analyses of Si, A1, Mg, N and F were performed on samples prepared according to the standard method used by the Koninklijke/Shell Laboratory Amsterdam (now called "SRTCA") by wavelengthdispersive XRE.
The morphology of the products obtained was investigated with a scanning electron microscope equipped with EDX analyzers. Table 2 summarizes the pH of the fluid obtained from the first washing procedure, the cation (ammonium) CEC and the crystalline products. The pH decreases very rapidly during the first 16 h, followed by a slow decrease toward a constant value The XRD patterns display the development of the saponite structure with increasing synthesis time (Figure 2) . LTSAP8A (Figure 2a ) exhibits bayerite after 2 h, with poorly formed crystals of saponite. After 4 h, the amount of bayerite has decreased, and the bayerite diffraction maxima have completely disappeared after 8 h. The XRD patterns show that the (060) saponite reflection increases in relative intensity and sharpens during the first 48 h. With long periods of hydrothermal treatment, the (060) reflection remains constant, while the other (hkl) reflections sharpen. LTSAP9A
RESULTS
shows a much faster development of saponite than LTSAP8A; XRD intensities of saponite in LTSAP9A-1 (2 h) can be compared with those of LTSAP8A-4 (16 h). LTSAPIOA is intermediate in-between LTSAP8A and LTSAP9A.
Sellaite, MgF2, is observed in all patterns independent of the synthesis time, due to the presence of E In LTSAP10A, no bayerite is found. The XRD pattern of LTSAP12A also reveals quartz and brncite as secondary products together with very well-crystallized saponite (Figure 3a) . LTSAP11A contains quartz as a sec- t na = not analyzed. :~ Samples with the extension "E" represent analyses after exchange with aluminum nitrate. w Theoretical saponite composition (NH4)o.6Mg3Sia.4Alo.6Olo(OH)2, which was intended in the bulk chemistry of the gel.
ondary product. The saponites of LTSAP13A, LTSAP14A and LTSAP15A contain many defects or are very small crystallites. These series contain a second sheet silicate, aluminum-lizardite (Mg,AI)a(Si,A1)2 O5(OH)4, whereas LTSAP15A also contains a relatively large amount of sellaite (Figure 3b ). The XRD patterns of LTSAP16A, LTSAP17A and LTSAPI8A are largely comparable with those of LTSAP13A, LTSAP14A and LTSAP15A. The XRF analyses (Table 3) 
DISCUSSION
The synthesis of ammonium-saponite was successful in all experiments, although the amount formed and the sharpness of the XRD patterns depended strongly upon synthesis time, ammonium concentration and the constituents of the initial gels.
During the first 4 h of the hydrothermal treatment, the pH decreases sharply, due to the release of mainly acetate ions, while part of the Mg is incorporated into the crystallizing saponite. After 4 h, the pH has reached levels between 6.4 and 5.4, the exact range in which AI(OH)3 has its minimum solubility (Hem and Roberson 1967) . The drop in pH explains the formation of bayerite in LTSAP8A-1 and LTSAPSA-2. After 8 more h, the bayerite disappears as a separate phase. The bayerite may dissolve due to the removal of A1 from the solution by incorporation of octahedral A1 into the saponite structure. Alternatively, the small bayerite units may be incorporated as a kind of octahedral building unit. The second alternative is favored, because AI(OH)3 has a very low solubility when the pH is between 6.4 and 5.4 (Hem and Roberson 1967) .
The incorporation of octahedral A1 in the saponite structure, as established by Kloprogge (1992) ; and Kloprogge, Breukelaar, Wilson et al. (1993) , is caused by the formation of bayerite during the first hours of the hydrothermal treatment. It has been suggested that the formation of bayerite is due to the fact that the A1 of the isopropoxide remains sixfold coordinated during gelling. The series LTSAP8 shows that the incorporation is not prevented by dissolving the A1 compound in basic ammonium solution, which forces the A13 § into a tetrahedral coordination, before being mixed with the other compounds in the gel preparation method.
In the series LTSAP9A and LTSAP10A, no bayerite is observed. The very rapid crystallization of saponite and the resulting drop in pH to levels below 5.3 within the first 4 h may prevent the formation of bayerite or, alternatively, the initially formed bayerite has already disappeared after 2 h.
Based on the fact that magnesium nitrate and acetate are highly soluble within the observed pH range and assuming that almost all Mg apparent in the XRF bulk analyses has been incorporated into the octahedral sites of the saponite structure, one may calculate the saponite yield in the solid products (Table 4) with the data of for pure arnmonium-saponite of identical compositions. After correction for adsorbed water, their pure ammonium-saponite contains 17.07 wt% Mg (31.04 wt% MgO). The trend of increasing percentages with increasing synthesis time runs parallel with the increase in CEC of the bulk product.
The use of Mg(OH)2 in LTSAPI2A resulted in the high pH levels observed. The high pH adversely affects the saponite crystallinity. The presence of brucite, which is due to the low solubility of magnesium hydroxide, explains the high Mg content observed with the XRE The decreasing differences in N contents, based on XRF and CEC determinations with increasing synthesis time, indicates that a part of the ammonium resides in nonexchangeable sites, or possibly amorphous material, which agrees with the data of Kloprogge (1992) and .
The data of this study point to the following crystallization model. The saponite crystallization starts with the formation of separate sheets with hexametric rings containing Si and A1 in distributions determined by the Loewenstein rule (Loewenstein 1954 ) together with bayerite. During the first period, the separate sheets grow mainly in the ab directions. Meanwhile, the bayerite sheets are incorporated as building units, instead of brucite sheets, into the saponite structure, resulting in a considerable amount of octahedral A1 and the absence of Mg in the saponite structure. Later, stacking occurs as indicated by the increasing inten- Kloprogge (1992) ; and Kloprogge, Breukelaar, Wilson et al. (1993) , who established the exact AI distribution with 27A1 and 29Si MAS-NMR.
CONCLUSIONS
1) The crystallinity of synthetic ammonium-saponite depends strongly on synthesis time, ammonium concentration and initial constituents of the gel. 2) During the synthesis, the pH decreases strongly due to the formation of acetic acid, which results in the formation of bayerite.
3) The use of magnesium hydroxide leads to an almost constantly high pH level, which leads to the presence of brucite in the solid products due to its low solubility. 4) A crystallization model is proposed in which: 1) separate sheets with hexametric rings containing Si and A1 are formed, followed by lateral growth; 2) incorporation of bayerite as an octahedral building unit proceeds; 3) separate sheets are subsequently stacked; and 4) remaining A1 from the solution is incorporated as interlayer cations together with a small amount of ammonium.
